SCIENTIFIC  AND  TECHNICAL  INFORMATION 

CAMERON  STAtlON.  ALEXANDRIA.  VIRGINIA 


NOTICE:  When  government  or  other  drawings,  speci¬ 
fications  or  other  data  are  used  for  any  purpose 
other  than  In  connection  with  a  definitely  related 
government  procurement  operation,  the  U.  S. 
Govenunent  thereby  Incurs  no  responsibility,  nor  any 
obligation  i^tsoever;  and  the  fact  that  the  Govern¬ 
ment  may  have  fonmilated,  furnished,  or  In  any  way 
supplied  the  said  drawings,  specifications,  or  other 
data  Is  not  to  be  regarded  by  Implication  or  other¬ 
wise  as  In  any  manner  licensing  the  holder  or  any 
other  person  or  corporation,  or  conveying  any  rl^ts 
or  pezmlsslon  to  manufacture,  use  or  sell  any 
patented  Invention  that  nay  in  any  way  be  related 
thereto. 


OF  AEROSPACE  MEDICINE  POSTAGE  AND  FEES  PAID 


>  c/-) 

M  .n  n 

-T 
C  j 

CO  O 

r- 


O  G 

i/j 


n 


CL-  3-  c 


.SA.M-Tnu-(:.C2] 


o 

EXPlilllMENTAI.  CAMBKA'ITON  OF  SEMICONDIJCI’OI! 
Cp  FjETECTOR  |•rIT,SE-IIF,l^.ll'r  RF'.SPONSE  'I'O  I'lfOTONS 

Q 


O 


CQ 

Q 

LU 

8  CD 


'<C 

CJ)  ^ 


I 


!  8 


TKCHNICAL  DOCdMKNTAIlY  KKPOin’  NO.  SAi\l  TI)l{-(;;!-21 


M:urh  IOC.*} 


USAF  School  of  Aero.si)iicc  iMcdicine 
Aerospace  Medical  Division  (AFSC) 
Brooks  Air  l''orcc  llasc,  Texas 


TiiHli  No.  77r.7ai 


D  D  C 

fnjin^G^.rpjiri 

•|  JDfV  i  ;  I9v’o  I 

iteatGl'jiri/  Elio 

itlSIA  n 


Qualified  requesters  may  obtain  copies  of  this  report  from  ASTIA.  Orders  will 
be  expedited  if  placed  through  the  librarian  or  other  person  designated  to  request 
documents  from  ASTIA. 


When  U.  S.  Government  drawings,  specifications,  or  other  data  are  used  for 
any  purpose  other  than  a  definitely  related  government  procurement  operation,  the 
government  thereby  incurs  no  responsibility  nor  any  obligation  whatsoever;  and  the 
fact  that  the  government  may  have  formulated,  furnished,  or  in  any  way  supplied 
the  said  drawings,  specifications,  or  other  data  is  not  to  be  regarded  by  implication 
or  otherwise,  as  in  any  manner  licensing  the  holder  or  any  other  person  or  corpora- 
tion,  or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any  patented 
invention  that  may  in  any  way  be  related  thereto. 


FOREWORD 


This  report  was  prepared  by  the  following  personnel  of  the  USAF 
School  of  Aerospace  Medicine  and  the  Texas  Nuclear  Corporation, 
Austin,,  Tex. 


GEORGE  W.  CRAWFORD,  Ph.D.== 

THOMAS  A.  ALEXANDER,  Airman  First  Class,  USAF* 
HARTMUT  A.  W.  SPETZLER,  Airman  Second  Class,  USAF* 
JOSEPH  S.  PIZZUTO,  Captain,  USAF,  MSC* 

JAMES  D.  HALLt 


(*USAF  School  of  Aerospace  Medicine,  Brooks  AFB,  Tex. 
fTexas  Nuclear  Corporation,  Austin,  Tex.) 


A  soul'ce  of  16.5  ±  0.3  Mev  protons  was  furnished  by  the  Texas 
Nuclear  Corporation,  Austin,  Tex.  Dr.  John  H.  William  and  Robert 
Featherstone  made  available  39.9±  0.3  Mev  protons  from  the  LINAC  at 
the  University  of  Minnesota.  Through  Dr.  Borje  Larrson,  185  ±  2  Mey 
protons  were  obtained  from  the  230  cm.  synchrocyclotron  at  the  University 
of  Uppsala,  Sweden. 


ABSTRACT 


Significant  progress  has  been  made  toward  accomplishing  measurement  of  the 
energy  absorbed  from  a  proton  as  a  function  of  the  path  length  of  the  proton  in  the 
sensitive  volume  of  a  semiconductor  detector.  Surface  barrier  P-N  and  P-i-N  detectors 
have  been  used  in  the  study  utilizing  path  lengths  as  short  as  100  /r  and  as  long  as 
10  cm.  Protons  of  initial  energy  of  16,  40,  and  187  Mev  have  been  used.  Other  proton 
energies  (8  to  166  Mev)  were  obtained  by  using  absorbers  in  the  proton  beam.  Energy 
calibrations  were  accomplished  by  totol  absorption  of  protons  of  known  energy. 
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EXPERIMENTAL  CALIBRATION  OF  SEMICONDUCTOR  DHECTOR  PULSE-HEIGHT  RESPONSE  TO  PROTONS 


1.  INTRODUCTION 

A  study  of  the  response  of  surface  barrier 
P-N  and  P-i-N  semiconductor  detectors  to  pro¬ 
tons  was  accomplished  during  the  past  three 
years.  The  purpose  of  the  overall  study  was 
to  determine  applications  of  the  semiconductor 
detectors  to  radiobiologic  problems  (1).  The 
response  of  each  detector  was  carefully  meas¬ 
ured  in  terms  of  the  energy  absorbed  in  its 
sensitive  volume  for  alpha  particles,  electrons, 
photons,  and  protons.  More  than  100  different 
detectors  representing  the  products  of  many 
different  manufacturers  were  utilized. 

Primary  beams  were  furnished  by  three 
different  facilities.  At  each  facility,  the  lower 
energy  protons  were  obtained  by  using  absorb¬ 
ers  in  the  proton  beam., 
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2.  MEASUREMENT  OF  PROTON 
ENERGIES 

At  each  of  the  facilities,  both  the  energy 
and  the  energy  spread  in  the  primary  beam  had 
been  carefully  measured.  This  known  primary 
energy  was  used  to  calibrate  experimentally 
the  detector-electronic  system  as  follows :  The 
response  of  a  low-noise  level,  deep-depletion 
depth  P-N  detector  to  Co""  gamma  rays  (fig.  1) 
permitted  calibration  of  the  system  (detector, 
preamplifier,  amplifier,  and  400  channel  ana¬ 
lyzer)  at  one  point  of  known  energy,  1.1  Mev. 
A  pulse  generator  introduced,  between  the  de¬ 
tector  and  pream.plifier,  a  voltage  comparable 
to  the  voltage  output  of  the  detector. 

The  pulse  generator  was  then  used  to  verify 
the  linear  response  of  the  electronic  system 
over  the  anticipated  range  of  energy  measure¬ 
ments.  Next,  alpha  particles  from  polpniunri 
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FIGURE  1 

Gamma  ray  spectra  of  cqbalt-60  obtained  with  a  P-{-N  detector. 
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FIGURE  2 

Response  of  P-N  detector  P-A  to  totally  absorbed  S'.85  ±  0.2  Mev  alpha 
particles  and  nearly  monoenergetic  protons..  Multichannel  analyzer  channel 
width:  100  kev  per  channel. 


shaving  a  measured  average  energy  of  3.85  Mev 
were  used  to  obtain  experimentally  both  a 
channel  number  and  a  pulse-generator  voltage 
corresponding  to  a  3.85  Mev  pulse.  Both  the 
change  in  pulse-generator  voltage  per  Mev 
and  the  change  in  channel  number  per  Mev 
of  absorbed  energy  permitted  determination 
of  the  channels,  in  which  a  pulse  from  a  totally 
absorbed  proton  of  known  energy  would  be 
registered. 

The  detector  was  next  oriented  in  the  pro¬ 
ton  beam  to  provide  a  path  length  in  silicon 
longer  than  the  calculated  range.  The  range 
in  silicon  for  a  16  Mev  proton  is  about  1.5  mm., 
for  a  40  Mev  proton  it  is  about  7.6  mm.,  and 
for  a  165  Mev  proton  it  is  about  8.6  cm.  The 
spectral  response  of  the  energy  absorbed  in  the 
detector  from  a  beam  of  totally  absorbed  pro¬ 
tons  of  16  Mev  energy  is  shown  in  figure  2 
with:  the  spectral  line  of  3.85  Mev  alpha  parti¬ 
cles.  The  change  in  pulse-generator  voltage 
per  Mev  and  the  change  in  channel  position  per 
.Mev  of  energy  absorbed  were  then  compared  to 
the  values  obtained  over  the  1.1  to  3.85  Mev 
energy  range.  Within  the  limits  of.  experi¬ 
mental  error,  the  change  in  channel  position 
per  Mev  and  the  change  in  pulse-geherator 
voltage  per  Mev  were  found  to  be  constant 


between  1.1  and  16  Mev.  After  linearity 
response  had  been  established,  the  shallow  P-N 
detectors  were  calibrated  using  the  alpha  parti¬ 
cles  and  the  16  Mev  protons. 

Dead  layers  on  the  surface  and  sides  of  the 
P-i-N  detectors  available  at  the  time  made  it 
impossible  to  use  3.85  alpha  particles  for  cali¬ 
bration  of  ^he  system.  Therefore,  the  cobalt-60 
gamma  rays  and  the  16  Mev  protons  were  used 
to  obtain  calibration  points  for  these  detectors. 
A  new  type  of  P-i-N  detectors  is  now  available 
having  lithium  diffused  into  the  silicon  during 
the  phosphorus  treatment.  These  do  not  have 
a  dead  layer  on  the  front  surface.  Polonium- 
alpha  sources  are  suitable  for  calibration  with 
this  type. 

Before  each  trip  was  made  to  a  high-energy 
proton  facility,  the  entire  system  (detector, 
preamplifier,  amplifier,  and  400  channel  ana¬ 
lyzer)  was  carefully  calibrated  for  each  detec¬ 
tor  over  the  range  from  1.1  to  16.3  Mev  as 
described  above  under  operating  conditions  for 
which  pulse-generator  voltage  calibration  to  a 
voltage  equivalent  to  a  40  Mev  or  185  Mev  pulse 
gave  a  linear  response  over  the  desired  range 
on  the  400  channel  analyzer.  This  calibration 
consisted  of  an  accurate  measurement  of 
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FIGURE  3 

Response  of  a  P-i-N  detector  to  nearly  monoenergetic  protons 
totally  absorbed  in  the  detector. 


change  in  channel  number  per  Mev  and  change 
in  pulse-generator  voltage  per  Mev  of  energy- 
absorbed.  An  on-site  recalibration  was  accom¬ 
plished  by  using  radioactive  isotopes  and  the 
pulse  generator.  After  each  trip,  the  calibra¬ 
tion  of  the  system  was  again  checked  over  the 
range  from  1.1  to  16.3  Mev  energy  absorbed. 

Based  on  a  calibration  as  described  above, 
the  charge  pulses  associated  with  the  total 
absorption  in  silicon  of  protons  of  intermediate 
energies  were  measured.  The'  intermediate 
energies  were  obtained  by  placing  absorbing 
materials  in  the  path  of  the  primary  protons. 
The  energy  absorbed  was  calculated  by  using 
Sternheimer’s  (2)  range-energy  tables.  The; 
protons  emerging  from  the  absorbing  material 
had  a  wider  energy  spread  than  that  of  the 
primary  beam.  Range  straggling,  energy  strag¬ 
gling,  and  low-angle  scattering  all  contribute 
to  this  spread. 

As  shown  in  figure  3,  the  increasing  energy 
spread  in  the  beam  is  quite  apparent  in  the 
spectral  response  of  a  P-i-N  detector.  The 
rest  of  the  data  presented  in  this  paper  repre¬ 
sent  only  primary  and  intermediate  energies 
having  a  beam  spread  of  not  more  than  ±  0.6 
Mev  for  the  16  Mev  protons,  ±  0.6  Mev  for  the 
40  Mev  protons,  and  ±  4  Mev  for  the  185  Mev 
protons.  Useful  data  obtained  from  the  other 


modified  beam  energies  will  be  discussed  in 
another  paper.  The  modified  proton  energies 
which  were  usable  as  reasonably  narrow 
energy-band  protons  were  13.5  to  16.3  Mev, 
30  to  40  Mev,  and  104  to  185  Mev. 

3.  MEASUREMENT  OP  THE  DEPTH  OF 
THE  SENSITIVE  VOLUME 

Since  the  charge  collected  from  a  detector 
is  proportional  to  the  loss  of  energy  by  an 
incident  particle  in  the  sensitive  region,  pro¬ 
tons  which  are  totally  absorbed  in  this  region 
will  produce  corresponding  pulses  of  larger 
amplitude  than  protons  of  higher  energy  w’hich 
pass  completely  through.  Considering  mono- 
energetic  protons  whose  range  is  somewhat 
greater  than  the  depth  of  the  depletion  region, 
the  charge-pulse  amplitude  from  the  detector 
will  increase  with  decreasing  proton  energy 
until  the  proton  range  and  sensitive  depth  are 
equal.  A  further  decrease  in  proton  energy 
will  cause  a  proportionate  decrease  in  the 
charge  pulse.  Thus,  if  the  protons  are  passing 
through  the  sensitive  volume  at  normal  inci¬ 
dence  to  the  surface  of  the  detector,  the  maxi¬ 
mum  charge  pulse  measured  in  energy-spectral 
analysis  will  correspond  to  the  proton  energy 
having  a  range  just  equal  to  the  depth  of  the 
sensitive  volume. 
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FIGURE  4 

P-N  detector  P-2  response  to  protons  havirig  an  average  energy  of 
5.3  Mev. 
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FIGURE  6 


P-N  detector  P-^  response  to, protons  having  an  average  energy  of  i.S  Mev. 


FIGURE  6 

P-N  detector  P-2  rcspov.se  to  pi-otons  having  an  average  energy  of  3. A  Mev. 


Let  US  assume  that  a  proton  beam  has  such  a 
broad  spread  of  energies  that  all  but  the  very 
lowest  are  sufficient  to  carry  the  proton  com¬ 
pletely  through  the  sensitive  volume  of  the 
detector.  For  such  a  beam,  the  response  of  a 
P-N  detector  would  be  as  shown  in  figure  4. 
The  higher  the  proton  energy,  the  less  is  the 
charge  pulse  created  in  the  detector.  Reducing 
the  overall  energy  of  the  beam  to  a  point  where 
the  median  energy  is  that  at  which  total  ab¬ 
sorption  occurs  gives  a  response  as  shown  in 
figiire  5.  The  protons  passing  all  the  way 
through  the  sensitive  volume  give  a  pulse  com¬ 
parable  to  the  pulse  of  lower  energy  protons 
totally  absorbed.  The  “peak”  apparently  nar¬ 
rows  and  has  one  almost  flat  side  due  to  this 
■Told-over”  response. 

If  the  overall  beam  energy  is  reduced  further 
so  that  all  the  protons  are  totally  absorbed 
(fig.  6),  the  shape  of  the  spectral  response 
curve  is  quite  different  from  that  of  figure  5 
or  4.  It  is  possible  to  measure  the  depth  of  the 
sensitive,  volume  from  any  of  the  three  broad 
energy-band  response  curves.  For  the  P-N 


detector  used  in  this  study,  the  maximum  chan¬ 
nel  corresponded  to  a  totally  absorbed  energy 
of  4.5  Mev.  A  proton  having  this  energy  has 
a  range  of  170  p  in  silicon. 

The  standard  procedure  used  involved  meas¬ 
uring  the  depth  of  the  sensitive  volume  at 
normal  incidence.  The  detector  was  then  ro¬ 
tated  60  degrees  and  this  “double  depth”  was 
measured  in  the  same  way.  Proton  energy- 
absorption  measurements  made  in  this  way  for 
depths  and  “double  depths”  less  than  1.5  mm. 
(range  in  silicon  of  16  Mev  protons)  have 
shown  agreement  within  20  y. 

Measurement  of  the  depth  of  a  sensitive 
volume  for  P-i-N  detectors  having  a  dead  layer 
on  the  surface  requires  a  different  technic.  The 
overall  energy  of  the  beam  is  reduced  to  locate 
the  fold-over  phenomena  just  discussed.  Be¬ 
cause  of  the  deeper  sensitive  depths  of  the 
P-i-N  detectors,  the  proton,  energies  are  usu^ 
ally  high  enough  to,  be  considered  monpener- 
getic,  ±,  0.3  Mev. 
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TABLE  I 

Energy  absorbed  from  proton  traveling  through  silicon. 


Measured 
value*  (Mev) 

Incident  proton 
energy t  (Mev) 

Measured 

value 

Calculated 

value 

Measured 

value 

Calculated 

value 

Measured 

value 

Calculated 

value 

Silicon  path  =  170  ii. 

Silicon  path  =  680  fi 

13.5  ±  .2 

13.5 

1.2  ±  .2 

1.26 

2.5  ±  .2 

2.6 

5.8  ±  .2 

5:7 

14.0  ±  .2 

14.0 

1.2  ±  .2 

1.22 

2.5  ±  .2 

2.5 

5.5  ±  .2 

5.5 

14.5  ±  .2 

14.5 

1.2  ±  .2 

1.18 

2.4  ±  .2 

2.4 

5.2  ±  .2 

5.2 

14.9  ±  .1 

14.9 

1.1  ±  .1 

1.15 

23  ±  .1 

2.4 

5.0  ±  .1 

5.1 

16.4  ±  .1 

15.4 

1.1  ±  .1 

1.12 

2.3  ±  .1 

2.3 

4.8  ±  .1 

4.9 

15.9  ±  .1 

15.9 

1.1  ±  .1 

1.10 

2.2  ±  .1 

2.2 

4.6  ±  .1 

4.7 

16.3  ±  .1 

16.3  ±  .3 

1.1  ±:  .1 

1.07 

2:2  ±  .1 

2.1 

4.5  ±  .1 

4.6 

30.0  ±  .4 

30.0 

1.4  ±  .2 

1.3 

2.8  ±  .2 

2.6 

35.0  ±  .3 

35.0 

■ 

1.3  ±  .2 

1.2 

2.5  ±  .2 

2.4 

39.7  ±  .3 

39.7  ±  .3 

1.0  ^-,1 

2.0  ±  .1 

2.1 

Silicon  path  =  5  mm. 

Silicon  path  =  3  cm.. 

30.0 

30.0  ±  .2 

30.0 

30.0  ±  .2 

30.0 

35.0 

36.0  ±  .1 

36.0 

39.7 

:  39.7  ±  .1 

39.7 

104.0  ±  4.0 

104.0 

7.2  ±  .6 

7.2 

15.0  ±  .6 

15.1 

52.0  ±  4.0 

54.0 

118.0  ±  4.0 

118.0 

6.5  ±  .6 

6.6 

12.8  ±  .6 

13.7 

46.0 

132.0  ±  4.0 

132.0 

6.1  ±  .4 

6.1 

12.1  ±  .4 

12.4 

41.0 

144.0  ±  2.0 

144.0 

5.8  ±  .4 

5.8 

^  11.8  ±  .4 

11.8 

37.9 

155.0  ±  2.0 

155.0 

5.5 

11.2  ±  A 

11.0 

36.0  ±  2.0 

35.4 

165.0  ±  2.0 

165.0  ±  2. 

5.2  ±  .2 

5.1 

10.9  ±  .4 

10.6 

33:4 

185.0 

4.9  ±  .2 

4.8 

9.9  ±  .2 

9.9 

31.0  +  1.0 

30:5 

Silicon  path  =  10  cm. 

185.0 

130.0  ±  4.0 

133.0 

•The  experimental  error  as  .given  for  the  measured  values  indicates  the  precision  of  the  location  of,  the  peak  of  the 
detector  response  curve. 


tThe  spread  in  the  energy  of  the  incident  proton  beam  for  the  16.3,  39.7,  and  165  Mev  values  indicates  the  accuracy 
to  which  the  primary  proton  beam  energies  were  known.  The  other  values  for  incident  energy  were  calculated  from 
Sternheimer’s  range-energy  tables. 


The  energy  of  the  incident  proton  energy 
is  thus  known  to  within  about  3%.  The  maxi¬ 
mum  energy  absorbed  is  measured  directly 
with  a  calibrated  system.  The  difference  repre¬ 
sents  the  energy  absorbed  in  the  dead  layer. 
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The  detector  is  rotated  60  degrees,  keeping  the 
incident  proton  energy  constant.  The  maximum 
energy  absorbed  is  again  measured.  The  dif¬ 
ference  now  is  equal  to  the  energy  absorbed 
in  the  ‘‘double  thick”  dead  layer.  Therefore, 
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FIGURE  7 

Energy  abiorbed  in  silicon  from  protons. 


two  measurements  are  possible  on  the  thick¬ 
ness  of  the  dead  layer  and  one  on  the  depth  of 
the  sensitive  volume. 

4.  DATA 

Typical  data  obtained  are  given  in  table  I 
and  plotted  on  figure  7.  The  data  for  170  ft 
represent  a  P-N  detector  oriented  for  normal 
incidence  (through  the  front  surface)  of  the 
protons.  The  sensitive  path  length  was 
doubled  by  rotating  the  detector  60  degrees. 
A  number  of  P-i-N  detectors  were  prepared  by 
Hughes  Research  Laboratories  for  this  re¬ 
search  effort.  One  of  the  P-i-N  detectors  had 
a  340  IX  width  of  sensitive  volume  at  0  degree, 
and  680  p.  at  60  degrees.  The  detectors  are  5 
by  5  mm.  in  cross  section,  and  range  in  length 
from  1  to  10  cm.  The  data  for  5  mm.  represent 
the  average  value  for  protons  entering  the 
side  of  such  detectors.  Six  different  P-i-N 


detectors  having  path  lengths  of  1  cm.  (protons 
entering  through  the  end  of  the  detector)  were 
used.  Three  detectors  having  path  lengths  of 
3  cm.  (end  entry)  and  one  detector  10  cm.  long 
were  used  in  the  study. 

The  data  involving  proton  energies  up  to 
40  Mev  have  been  duplicated  on  more  than  one 
field  trip  and  on  enough  different  detectors 
for  this  phase  of  the  research  to  be  considered 
complete.  The  data  obtained  for  the  response 
of  the  104  to  185  Mev  protons  represent  one 
field  trip  and  must  be  considered  as  prelimi¬ 
nary. 

5.  CONCLUSIONS 

1,  Over  an  energy  range  of  1.1  to  40  Mev, 
the  charge  pulse  created  in  a  silicon  semicon¬ 
ductor  detector  is  directly  proportional  to  the 
energy  absorbed  in  the  sensitive  volume 
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whether  the  ionizing  particle  is  totally  absorbed 
or  not.  Preliminary  data  indicate  that  this  is 
also  true  up  to  energies  of  165  Mev. 

2.  The  Sternheimer  (2)  range-energy 
tables  for  aluminum,  when  corrected  for  dif¬ 
ferences  in  density  and  charge  between  alumi¬ 
num  and  silicon,  give  calculated  values  of 
energy  absorbed  in  known  path  lengths  of  sili¬ 


con.  These  values  agree  within  experimental 
error  to  the  measured  values. 

3.  The  calculated  energy  losses,  using  the 
Sternheimer  (2)  range-energy  tables,  give 
energy  losses  for  protons  passing  through 
aluminum  at  energies  up  to  185  Mev  and  for 
lead  up  to  40  Mev  that  agree  with  the  values 
measured. 
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